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temperature, hazardous solvents, etc.) and costly catalysts [7] . Therefore, this route is not a green synthesis of chiral alcohols. Syntheses of enantiopure pyridyl-alcohols by kinetic resolution of the racemic form using lipases, esterases, and ester hydrolases have been reported [8] [9] [10] [11] .
Since kinetic resolution has a limitation of 50% yield, however, stereoinversion of racemic alcohols remains the only alternative to obtain 100% theoretical yield [12, 13] . Stereoinversion and dynamic kinetic resolution are used for deracemization [12] . Stereoinversion requires two redox systems of opposite stereopreferences [14] . Either of the enantiomers from the racemic mixture undergoes stereoselective oxidation into a prochiral ketone while the other enantiomer remains unreacted. The prochiral ketone is then stereoselectively reduced to another enantiomer. Isolated enzymes or whole cells can carry out the reaction [15] . Biocatalysis using whole cells circumvents the need to isolate and purify the enzymes involved, and eliminates the addition of cofactors, as discussed by Nakamura et al. [15] . Stereoinversion using microorganisms such as Geotrichum candidum and Nocardia sp., has been reported in the literature [15, 16] . Microorganisms such as Candida parapsilosis were frequently used as putative organisms for stereoinversion [17, 18] . Enantiopure secondary alcohols, 1,2-diols, α-hydroxy esters, aromatic β-hydroxy esters, allylic alcohols, and propargylic esters were obtained by biocatalytic stereoinversion [19] [20] [21] [22] [23] [24] [25] . Among the various biocatalytic methods reported in the literature for the synthesis of (S)/(R)-α-methyl-4-pyridinemethanol (Table 1) , the lipase-mediated synthesis has been the most used, where 46-50% conversion was obtained with an enantiomeric excess of 95-99% [8, 11, 26, 28] . Immobilized Manihot esculenta and Passiflora edulis plant extract were also used for the enantioselective acetylation of (RS)-α-methyl-4-pyridinemethanol with 19% conversion and 83% enantiomeric excess [29] . Lipase-catalyzed reactions give a maximum conversion of 50% for the resolution of racemic alcohols. To overcome this limitation, Soni et al. [27] used the ketoreductase of Candida viswanathii for the synthesis of enantiopure (S)-α-methyl-4-pyridinemethanol from the corresponding prochiral ketone. Here, we report the one-pot synthesis of (R)-α-methyl-4-pyridinemethanol by the whole cells of Candida parapsilosis under various physicochemical conditions. In this research, (RS)-α-methyl-4-pyridinemethanol was used as substrate and through the stereoinversion process, a single enantiomer was synthesized as the sole product. A schematic diagram of the stereoinversion of (RS)-α-methyl-4-pyridinemethanol to (R)-α-methyl-4-pyridinemethanol is given in Figure 1 . 
Materials and Methods

Chemicals
(RS)-α-methyl-4-pyridinemethanol (> 98%), and (S)-α-methyl-4-pyridinemethanol (> 99%) were purchased from Sigma-Aldrich (Steinheim, Germany). Culture media components were obtained from Hi-Media (Mumbai, India). HPLC grade 2-propanol and hexane were purchased from Fisher Scientific (USA). (10), and agar (20) . Rhodococcus ruber MTCC 1827 was maintained in agar medium containing glucose (4), yeast extract (4), malt extract (10), calcium carbonate (2), and agar (20) . Nocardia sp. MTCC 1534 was maintained in a nutrient agar phenol medium containing (g L -1 ) beef extract (1), yeast extract (2), peptone (5), sodium chloride (5), agar (15) , and (0.05) phenol.
Microorganism and growth conditions
All microorganisms were grown in a starter culture of the respective medium. From each starter culture, 2% (v/v) inoculum was transferred to 500 mL Erlenmeyer flasks containing the same medium. The cultures were grown at 30°C and 200 rpm for 48 h. The cells were harvested by centrifugation (7000 × g, 15 min) at 4°C and washed thoroughly with phosphate buffer (0.1 M, pH 7.0).
Analytical techniques
The enantiomeric excess (ee R ) was determined by HPLC (High Performance Liquid Chromatography) performed on a Shimadzu system (LC-10AT pump, SPD-10A UV-VIS detector) using a Chiralcel OD-H column (0.46 mm × 250 mm; 5 µm, Daicel Chemical Industries, Japan). The mobile phase contained hexane and 2-propanol (9:1) with a flow rate of 1 mL min -1 . Reaction components were detected at 254 nm. A standard curve was constructed using different concentrations of (S)-α-methyl-4-pyridinemethanol and was used to calculate the yield of the biocatalytic reaction, considering the initial and final concentrations.
Stereoinversion of (RS)-α-methyl-4-pyridinemethanol
Cell pellets were suspended in phosphate buffer (0.1 M, pH 7.0) to give a cell concentration of 200 mg mL -1 . For the screening experiment, 5 mM racemic alcohol with 2 mL individual cell suspension was incubated at 30°C (200 rpm) for 96 h. The control reaction was carried out in the same way, without any biocatalyst in the reaction mixture. Once incubation was complete, the reaction mixture was centrifuged to remove the cell mass, and the supernatant was extracted with ethyl acetate. The organic layer (ethyl acetate fraction) was dried under vacuum to obtain the product. The product was solubilized in 2-propanol and analyzed by chiral HPLC (Chiralcel OD-H column eluted with 9:1 hexane:2-propanol).
Optimization of reaction parameters
Reaction parameters were optimized to maximize the deracemization of (RS)-α-methyl-4-pyridinemethanol to (R)-α-methyl-4-pyridinemethanol. The effect of reaction time on the stereoinversion was studied by carrying out the reactions up to 72 h. Samples were collected at different time intervals over the course of the reaction and analyzed by HPLC. To determine the optimum temperature and pH, reaction mixtures were incubated at temperatures ranging from 20-40°C, and reactions were performed at pH values in the range of 3.0 to 9.0. To determine the effect of substrate concentration on the biotransformation reaction, experiments were carried out with increasing substrate concentration (2-75 mM), keeping other parameters constant. The effect of 2% (v/v) of different organic solvents was studied: 1,4-dioxane, dimethylsulfoxide (DMSO), hexane, ethanol, isopropanol, and a mixture of pyridine and toluene. A control reaction was set up in each experiment, containing only the substrate in buffer solution.
Results and Discussion
Screening of microorganism
Among the different microorganisms screened for the stereoinversion of (RS)-α-methyl-4-pyridinemethanol to (R)-α-methyl-4-pyridinemethanol, the highest activity was observed using whole cells of C. parapsilosis MTCC 4448 as the biocatalyst (Table 2) . During the screening experiments, reactions were carried out for 4 days to maximize stereoinversion. Reactions were analyzed by HPLC to calculate ee R and yield.
Effect of various reaction parameters
(S)-α-Methyl-4-pyridinemethanol was stereoselectively oxidized to a prochiral ketone and then stereoselectively reduced to (R)-α-methyl-4-pyridinemethanol. Reaction parameters (i.e., reaction time, pH, temperature, substrate concentration, solvent, etc.) were optimized to achieve maximum stereoinversion. For the optimization studies, each parameter was changed while the others were kept constant, and the optimized parameter in one experiment was used for subsequent studies. The maximum ee R and yield were obtained when both the stereoselective oxidation and reduction worked efficiently in tandem.
Course of stereoinversion
The course of stereoinversion was monitored by analyzing the reaction mixture at different time intervals [12, 23] . It is evident from Figure 2 that the concentration of (R)-α-methyl-4-pyridinemethanol increased with the concurrent decrease of (S)-α-methyl-4-pyridinemethanol concentration in the reaction mixture. Both the ee R and yield of the reaction increased with time up to 48 h and thereafter remained constant. The maximum ee R and yield of (R)-α-methyl-4-pyridinemethanol was 84.8% and 82.5%, respectively, and thus 48 h was used as the optimized time for subsequent reactions. Although this reaction time is longer than the previously reported 12 h [27] , the high ee R and conversion allowed our route to be comparable upon further optimization of reaction parameters. 
Effect of reaction temperature
The rate of reaction, stability, and enantioselectivity of the biocatalyst are greatly influenced by temperature. It also affects the solubility of the substrate and the product [30, 31] . As two enzymatic systems are working simultaneously in stereoinversion, temperature may affect the activity of either one or both the enzymes. Figure 4 indicates that the ee R of the product increased with increasing temperature up to 30°C and started to decrease thereafter. A maximum ee R of 97.2% and a yield of 99.2% were observed at 30°C; therefore, subsequent experiments were conducted at this temperature. The decrease of both enantiomeric excess and yield might be due to the denaturation of the oxidoreductase of C. parapsilosis at higher temperature, which was also observed by Stella et al. [32] .
Effect of pH
The pH alters the ionic state of the enzyme and therefore plays an important role in biocatalytic reactions [16] . For stereoinversion, the effect of pH on the activity of either oxidase or reductase, or both, are important. To determine the effect of pH, the reaction was carried out for 48 h in different buffers: citrate, pH 3-6; phosphate, pH 7-8; and Tris-buffer, pH 9-10. With increasing pH, both the enantiomeric excess and yield increased, reaching a maximum ee R (96.8%) and yield (99.8%) at pH 8.0. Above this pH, the ee R and yield of (R)-α-methyl-4-pyridinemethanol started to decrease (Figure 3) , which may be due to declining stereoselective reductase activity of C. parapsilosis at alkaline pH. Xie et al. have reported the instability of the substrate at strongly alkaline conditions of the reaction mixture [16] . They found the maximum yield of (R)-3-pentyn-2-ol from (RS)-3-pentyn-2-ol to occur at pH 8.0, at which point the enantiomeric excess increased with increasing pH, while the yield decreased.
Effect of substrate concentration
Substrate concentration also plays an important role in enzymatic reactions. An optimum substrate concentration was found in which the enzyme exhibits maximum activity. A higher substrate concentration causes substrate inhibition, resulting in low yields. Reactions were carried out with different substrate concentrations (2 to 75 mM) for 48 h at 30°C (pH 8.0) to determine the effect of concentration on the enantiomeric excess and yield of the product. Figure 5 indicates, at concentrations up to 5 mM, there was no effect on the enzyme activity; however, with increasing substrate concentration, the yield gradually decreased. At 5 mM, the highest ee R (97%) and yield (99%) were achieved at a rate of 0.013 g L -1 h -1
, compared to an ee R of 18.21% and yield of 26.67% at 75 mM. The dependence of reaction rate on the substrate concentration is reported for the enzymatic synthesis of (R)-3-pentyn-2-ol from (RS)-3-pentyn-2-ol [16] . 
Effect of cosolvent
Both polar and nonpolar organic solvents were used to increase the substrate solubility. Water-miscible organic solvents increased the solubility by the phenomenon of co-solvency, whereas with water-immiscible organic solvents a biphasic reaction mixture is formed. Organic solvents with different log P values were selected to study the effect of solvent on biocatalytic stereoinversion [30, 33, 34] . Reactions were carried out in reaction mixtures containing 2% (v/v) organic solvent, 5 mM substrate at 30°C and pH 8.0 for 48 h. In most cases, both the stereoselective oxidation and reduction were observed to be severely affected by the nature of the solvent (log P values given in parenthesis). Among the various solvents tested, the enantiomeric excess was comparatively higher in 1,4-dioxane (-1.1), DMSO (-1.4), and hexane (3.5). Maximum stereoinversion was obtained in 1,4-dioxane (-1.1), with an ee R of 78.43 % and 74.67% yield of (R)-α-methyl-4-pyridinemethanol ( Figure 6 ). In the remaining solvents, including ethanol (-0.31), isopropanol, (-0.19), pyridine (0.08), and toluene (2.5), there was no or very low conversion. The higher enantiomeric excess in 1,4-dioxane, DMSO, and hexane might be due to the absorption of these solvents by the membrane, leading to a change in membrane fluidity and ease in substrate uptake resulting in activity retention, while the other solvents might have deactivated the enzyme. The outcome of stereoinversion was found to be lower in organic solvents than in buffer systems. In 1995, Nakamura et al. reported an improvement of enantioselectivity in the reduction of aryl methyl ketones by Geotrichum candidum with hexane in the presence of 2-hexanol [35] . The experiments we have conducted so far indicate that the stereoinversion of (RS)-α-methyl-4-pyridinemethanol by whole cells of Candida parapsilosis is an efficient, singlestep method to produce (R)-α-methyl-4-pyridinemethanol and is comparable to the various biotransformation routes reported in literature.
Conclusion
The whole cells of Candida parapsilosis act as a very good biocatalytic system for the deracemization of (RS)-α-methyl-4-pyridinemethanol to (R)-α-methyl-4-pyridinemethanol. Under the optimized conditions, the deracemization proceeded with an acceptable ee R and high yield (99%). Although similar substrates like (S)-α-methyl-3-pyridinemethanol are synthesized using the corresponding prochiral ketones by carbonyl reductase, stereoinversion offers a similar enantiomeric excess with a higher yield for the synthesis of (R)-α-methyl-4-pyridinemethanol. This route is preferable to the lipasemediated synthesis in terms of conversion and reaction time. The stereoinversion process depends on the substrate concentration, pH, temperature, reaction time, and reaction medium. Microbial stereoinversion may be a promising method for achieving 100% enantiopure alcohol from the racemic mixture.
